ABSTRACT Soluble protein fractions from Escherichia coli dnaA+ cells but not dnaA temperature-sensitive cells replicate plasmids containing the E. coli chromosomal origin of replication (oriC). Complementation of these mutant fractions provided an assay for dnaA protein activity in initiation of replication at oriC. From a strain (constructed in vitro) that overproduces the dnaA protein more than 200-fold, the 52,000-dalton polypeptide was purified to near homogeneity. Although the protein tends to aggregate, monomer-sized protein purified by high-performance liquid chromatography is fully active for replication. It binds specifically and tightly to oriC in a supercoiled plasmid as judged by a Millipore filter-binding assay and by protection of the unique HindIm site within the oriC sequence. In the oriC replication reaction, dnaA protein acts at an early step preceding DNA synthesis.
The dnaA gene was identified by conditional lethal mutations near 82 min (on the revised Escherichia coli map) that were defective at an elevated temperature in initiation of a cycle of chromosome replication (1, 2) . The dnaA gene product is thought to act early in initiation, at about the same time as RNA polymerase (3) . Several second-site suppressors of dnaA mutations that map within rpoB suggest a direct interaction between RNA polymerase and the dnaA gene product (4, 5) . Besides the E. coli chromosomal origin of replication (oriC), only the plasmid pSC101 requires dnaA function for sustained replication in vivo (6, 7) . This replicon specificity, early action, and functional interaction with RNA polymerase suggest that dnaA action is targeted directly to oriC.
The dnaA gene has been cloned in A transducing phages by exploiting its close linkage to tna (8) . The reported molecular weight of the dnaA polypeptide has ranged from 48,000 to 54,000 (8) (9) (10) (11) ; a molecular weight of 52,574 has been calculated from the complete sequence of the gene (12) .
Replication of oriC-containing plasmids in vitro provides a novel way to study the dnaA product (13) . Replication of oriC plasmids in this system resembles authentic in vivo replication by several criteria, including absolute dependence on dnaA function (13, 14) . This system has provided an assay for purification of dnaA protein from strains constructed in vitro that overproduce the protein more than 200-fold. The purified protein binds oriC and participates at an early stage in initiating bidirectional replication from oriC.
MATERIALS AND METHODS
Strains and Phages. Strains were: WM433 (dnaA204) from W. Messer (13) , N4830 (cI857) from H. Echols (15) , and K37 (Hfr) from J. M. Kaguni (16) ; phages M13oriC26 and M13oriC26A221 were from J. M. Kaguni (16) . Reagents Enzymes and Proteins. T4 lysozyme was prepared as cited (13) ; EcoRI was a gift of P. Modrich; HindIII was from New England Biobabs. Protein was assayed by the method of Bradford, with bovine serum albumin (Miles) as a standard (17) .
Preparation of DNAs. Unlabeled phage M13oriC26 replicative form (RF) I DNA was prepared as described (13) . For 3H-labeled RF I, 1.5-liter cultures of strain K37 were grown in M9 medium (18) containing 0.1% Casamino acids (Difco), 0.2% glucose, and thiamine (1 jig/ml). At M13oriC26A221 was added at a multiplicity of infection of 80; the cells were harvested after 2 hr, and RF I was purified by the same procedure used for unlabeled DNA; specific activities were 96,000 cpm/ug. To prepare DNAs linearized by EcoRI or HindIII, 5 ,ug of 3H-labeled M13oriC26 RF I or 3H-labeled M13oriC26A221 RF I in 50 ,u of medium salt buffer (19) was treated for 30 min at 37°C with 10 units of restriction enzyme.
Assay of Replication Activity of dnaA Protein. Complementation of oriC replication in fraction II from a dnaA mutant strain WM433, prepared as previously described (13) , was in a volume of 25 ,u1 containing Hepes-KOH (pH 7.6), 40 mM; GTP, CTP, and UTP, each at 0.5 mM; ATP, 2 mM; dGTP, dCTP, TTP (3H at 48 cpm/pmol), and dATP, each at 100 A.M; magnesium acetate, 11 mM; polyvinyl alcohol, 7% (wt/vol) creatine phosphate, 40 mM; creatine kinase, 100 tg/ml; WM433 fraction II protein, 300 ,ug; and M13oriC26 RF I, 200 ng (600 pmol as nucleotide). Components, except for creatine kinase and DNA, were assembled on ice and centrifuged for 10 sec in an Eppendorf microfuge. Creatine kinase, template DNA, and the dnaA protein fraction to be assayed were added to the supernatant. After 20 min at 300C, the extent of DNA synthesis was determined as described (13) . One unit of dnaA protein activity (in the linear range of 300-800 pmol of dNMP incorporation) is 1 pmol of dNMP incorporated per min.
Assay of oriC Binding Activity of dnaA Protein. Reaction mixtures (25 ,ul) , assembled on ice, contained Hepes-KOH (pH 7.6), 40 mM; KCl, 150 mM; Mg(OAc)2, 10 mM; dithiothreitol, 2 mM; bovine serum albumin, 100 ,ug/ml; and 3H-labeled DNA, 200 ng. After addition of dnaA protein, reactions were incuAbbreviation: RF 1, replicative form I DNA.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be herebv marked "advertisement" in accordance with 18 (13) . Chromatography of the ammonium sulfate fraction (fraction II) on Bio-Rex 70 and elution with a salt gradient separated activity into two broad peaks; the second contained more than half of the starting activity and was 50-80% pure as judged by NaDodSO4/polyacrylamide gels stained with Coomassie blue (unpublished data). When activity that had been eluted in the high-salt peak was rechromatographed on Bio-Rex 70, 80% was eluted again with high salt.
When dnaA protein eluted by high salt (0.8-0.9 M KCl) from Bio-Rex 70 was chromatographed by HPLC, two peaks of replication activity were observed ( Fig. 2) , each corresponding to the abundance of the 52,000-dalton band in NaDodSO4/polyacrylamide gel electrophoresis. The excluded (or just slightly included) protein in the first peak is presumably a multimer or aggregate; the second peak (eluted just after the position of bovine serum albumin) corresponds to monomeric dnaA protein.
Both forms of dnaA protein were active in the replication (complementation) assay, although interconversion of these forms was not observed by HPLC after exposure to pH values of 6.0-7.5 and salt levels of 0.2-1.0 M KC1. Monomeric dnaA protein, about 95% pure as judged by the gel pattern, had a 2.5-fold higher specific activity in the replication assay than did the high molecular weight form. One circle is replicated per 15 monomeric dnaA protein molecules added to the replication assay.
Early Action of dnaA Protein in Initiation. In an oriC replication system partially reconstituted from purified components (unpublished data), dnaA protein was observed to act early (Fig. 3) . As in the crude dnaA complementation assay (14) , there was a lag of 3-5 min before DNA synthesis began. Prior incubation ("preincubation") of all components in the absence of dNTPs eliminated this lag; DNA synthesis began immediately upon addition of dNTPs. When either DNA gyrase (E. coli topoisomerase II) or RNA polymerase was added only after the preincubation (along with dNTPs), there was no reduction in lag time (unpublished data), implying that both are required for the earliest events. When dnaA protein was omitted from the preincubation, DNA synthesis began with an abbreviated but significant lag (about 1.5 min) after its addition (Fig. 3) fragments containing oriC in a nitrocellulose filter binding assay (25) . However, dependence on DNA gyrase (13) and relative inactivity of linearized oriC template (unpublished data) imply that the optimal template for in vitro replication is supercoiled oriC plasmid DNA. Binding of dnaA protein to supercoiled Ml3oriC26, an M13-oriC chimera that can utilize oriC both in vivo and in vitro (13, 14, 16) , was measured by Millipore filter binding (26) . Ml3oriC26A221, having a small deletion that removes the oriC sequence, (16) served as a control. dnaA protein retained both 3H-labeled RF Is, and the titration curve of dnaA protein was sigmoidal in each case (Fig.  4A) . A 3-fold preference for Ml3oriC26 RF I (Fig. 4A) unlabeled competitor DNA (Fig. 4B ) dnaA protein recognizes a site prese sent from Ml3oriC26A221, probably sequence. Binding activity specific for the abundance and replication activit HPLC column fractions (Fig. 2) was inhibited by prior incubation with increasing levels of dnaA protein (Fig. 5) . Dependence. on the dnaA protein concentration in protection of the HindIil site is nearly identical. to that in binding 3H.-labeled M13oriC26 RF I in the Millipore filter binding assay (compare Fig. 4A with Fig. 5B) ; furthermore, the curves are sigmoidal for both assays.
To judge whether the HindIII site is required for dnaA protein binding, 3H-labeled M13oriC26 DNA linearized with HindIl and 3H-labeled Ml3oriC26.and 3H-labeled Ml3oriC26A221 DNAs linearized by EcoRI were compared in the binding assay. Not only was binding by dnaA protein of HindIII-cleaved Ml30riC26 significantly reduced, but it proved to be little better than that of EcoRI-cleaved M13oriC26A221 (Fig. 4A) . 9,', oriC26A221 l dnaA protein, ng DISCUSSION Long-standing questions about the nature of the dnaA gene product, the site of its action, and whether its role in the initiation of a cycle of E. coli chromosomal replication is positive or negative have now been answered. The dnaA protein was purified to near homogeneity as a soluble polypeptide of 52,000 daltons with a strong tendency to aggregate: Its action is absolutely essential in an enzyme system that initiates bidirectional replication at the E. coli chromosomal origin contained in small plasmids and that also replicates plasmids containing homologous oriC sequences of numerous other species of Enterobacteriaceae (28) . Thus dnaA protein is a required factor that acts positively. dnaA protein binds specifically to the oriC sequence within plasmid, molecules with a preference for the supercoiled form and protects the unique. HindIII site within oriC. The action of dnaA protein precedes DNA synthesis but may follow earlier actions of RNA polymerase and DNA gyrase. dnaA protein action is presumably directed to oriC by the specificity of its binding.
Although monomeric dnaA protein is active for oriC binding and replication, it cannot be concluded that it functions simply as a monomer. The sigmoidal titration of dnaA protein in binding to oriC suggests cooperativity, either in binding to DNA or in association of monomers into an active oligomeric form. The high ratio of added dnaA protein monomers to bound oriC and the dependence of that ratio on the concentration of dnaA protein also suggest that many molecules of dnaA protein are bound to oriC; studies with labeled dnaA protein are needed for a more accurate determination. Sites [11] [12] [13] [14] [15] was added, and incubation was continued for 30 min. Reactions were stopped by addition of EDTA to 20 mM and NaDodSO4 to 0.5%; the reaction mixtures were incubated at room temperature for 30 min and on ice for 10 min and were centrifuged for 2 mi in -a Brinkmann microfuge before being loaded onto a 0.5% agarose gel in 100 mM Trisdborate, pH 8.3/1 mM EDTA/0.5 Ag of ethidium bromide per ml; electrophoresis was for 12 hr at 15 mA. (A) Reaction mixture in lane -1 was not incubated, and those in lanes 10 and 15 contained 2 ,ul of HPLC buffer (buffer D) during preincubation. The gel was photographed under a 254-nm UV light source with Polaroid-type 665 negative-print film. (B) Individual lanes on the negative were scanned with a Quick Scan (Helena Laboratories, Beaumont, TX) densitometer, and the sizes of RF I peaks were determined relative to the control lanes 1, 2, and 16. The HindIII and EcoRI curves were calculated by using the data from lanes 3-9 and lanes 11-14, respectively. a copy of at least an 8/9 match of the consensus sequence T-T-A-Tk-C-A-C-A. From 32P-end-labeled Taq I digests of a variety of plasmid DNAs, dnaA protein retains on Millipore filters only those that contain *the 9-base-pair sequence. Fragments containing this-sequence within or near the following sequences are specifically bound: oriC, the promoter of a 15.5-kilodalton protein coding sequence adjacent to oriC (found in -both M13oriC26 and M13oriC26A221), the region between the two promoters for the dnaA gene (12) , the internal repeat IRL sequence of Tn5 (29) , the region between the origin of DNA synthesis and the n' (Y) ATPase site on the L-strand of pBR322 (30), and the origin of replication of pSC101. Consistent with the results of this paper, fragments containing oriC with its four 9-base-pair sequences are'bound more tightly than other fragments containing only one. We suggest that dnaA protein binding may have a positive role at.certain sites (e.g., oriC, ori-pSCI01) and a negative role.at others (ori-pBR322, ori-ColE1 and the control region for the dnaA gene.
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